ABSTRACT Molecular dynamics simulations of protein tyrosine phosphatase 1B (PTP1B) complexed with the phosphorylated peptide substrate DADEpYL and the free substrate have been conducted to investigate 1) the physical forces involved in substrate-protein interactions, 2) the importance of enzyme and substrate flexibility for binding, 3) the electrostatic properties of the enzyme, and 4) the contribution from solvation. The simulations were performed for 1 ns, using explicit water molecules. The last 700 ps of the trajectories was used for analysis determining enthalpic and entropic contributions to substrate binding. Based on essential dynamics analysis of the PTP1B/DADEpYL trajectory, it is shown that internal motions in the binding pocket occur in a subspace of only a few degrees of freedom. In particular, relatively large flexibilities are observed along several eigenvectors in the segments: Arg 24 -Ser 28 , Pro 38 -Arg 47 , and Glu 115 -Gly 117 . These motions are correlated to the C-and N-terminal motions of the substrate. Relatively small fluctuations are observed in the region of the consensus active site motif (H/V)CX 5 R(S/T) and in the region of the WPD loop, which contains the general acid for catalysis. Analysis of the individual enzyme-substrate interaction energies revealed that mainly electrostatic forces contribute to binding. Indeed, calculation of the electrostatic field of the enzyme reveals that only the field surrounding the binding pocket is positive, while the remaining protein surface is characterized by a predominantly negative electrostatic field. This positive electrostatic field attracts negatively charged substrates and could explain the experimentally observed preference of PTP1B for negatively charged substrates like the DADEpYL peptide.
INTRODUCTION
Protein phosphatases (PPs), including protein-tyrosine phosphatases (PTPs), are key participants in kinase-dependent signal transduction pathways (Stone and Dixon, 1994; Walton and Dixon, 1993) . The level of protein-tyrosine phosphorylation and dephosphorylation is critical for normal cell proliferation, differentiation, and metabolism (Fisher et al., 1991; Tonks et al., 1993; Walton and Dixon, 1993) age (Ruiz et al., 1992) and diabetes (Møller et al., 1995; Ide et al., 1994; Boylan et al., 1992; McGuire et al., 1991) . There is increasing evidence that aberrant levels of PPs may underlie diseases such as cancer (Zanke et al. 1994; Wiener et al., 1996; Cool and Fischer, 1993; Zheng et al., 1992; Lammers et al., 1993) , insulin-resistant states (Posner et al., 1994; Møller et al., 1995) , and defects in platelet aggregation response (Frangioni et al., 1993) . Thus the ability to inhibit specific protein phosphatases could have clinical importance and may provide alternative treatments of diseases. Furthermore, specific phosphatase inhibitors are invaluable tools for elucidating the function of individual PTPs within cells and for studying phosphatase catalytic mechanisms (Montsera et al., 1996) .
The development of novel drug candidates to specifically inhibit phosphatases requires not only a detailed structural understanding of the regulation of these enzymes, but also a knowledge of how these enzymes distinguish between the different phosphorylated substrates that they encounter in the cell. The current estimate is that humans have as many as several hundred phosphatase genes (Hunter, 1995) . A common approach is the use of inhibitors to probe substrate recognition, to elucidate cellular function of individual PPs, and to study the catalytic mechanisms (Montsera et al., 1996) . Moreover, x-ray crystallographic structures of several phosphatases show remarkable structural similarity around the active site, despite very low sequence homology Barford, 1995) . The PTP family is characterized by the consensus active site sequence (H/V)CX 5 R(S/T), where X denotes any amino acid residue. The active-site motif includes a nucleophilic cysteinyl residue essential for catalysis and a conserved arginine residue (Pot and Dixon, 1992; Streuli et al., 1990) . The structure of the consensus sequence defines the binding site for the tyrosyl phosphate substrate. The catalytic reaction (i.e., hydrolysis of the phosphoester bond) is facilitated by the cysteine thiolate and the closing of the WPD loop. At physiological pH, the cysteine is negatively charged (Denu and Dixon, 1995; Zhang et al., 1994b; Peters et al., 1998) and attacks the electrophilic phosphorus of the phosphotyrosyl residue in the substrate, causing the phosphoester bond to break. At the same time the WPD loop, which upon binding of the substrate moves toward the phosphate moiety of the substrate, essentially causes a tight binding of the tyrosyl phosphate group. This displacement brings a catalytically active aspartate into position and corresponds to the "activation" of the enzyme (Zhang and Wu, 1997; Eckstein et al., 1996; Schubert et al., 1995; Barford, 1995) .
Substrate recognition and the formation of an enzymesubstrate intermediate are complex events that are primarily mediated by residues spanning the binding pocket. The binding event, which is driven by a decrease in the total Gibbs free energy, is generally dictated by a delicate balance of mechanisms of opposing effects involving enthalpic and/or entropic contributions (Salemme et al., 1997; Ajay and Murcko, 1995) . Various factors have been suggested as the physical reasons for high binding affinities (Vajda et al., 1994; Krystek et al., 1993; Jencks, 1975; Koshland, 1958 ). An increase in binding affinity is generally accomplished by favorable interactions between substrate and protein and/or by a net increase in the entropy of the system (i.e., protein and water) (Peters et al., 1997a; Goddette et al., 1993) . Typically, entropy is gained when water molecules, which in the unliganded enzyme form a well-defined network in cavities and/or on the protein surface, are displaced upon substrate binding. The net gain is determined by the balance of entropy reduction due to the loss in translational and rotational entropies in the enzyme and/or substrate and entropy increase, e.g., due to the displacement of water. Changes in steric interaction energy on binding or change in conformational energy of the protein and substrate upon binding (induced fit) can make negative or positive contributions to the binding affinity, depending on the architecture of the binding pocket and the molecular structure of the substrate (Koshland, 1958) . Intermolecular forces are predominantly determined by van der Waals and electrostatic interactions. The latter is thought often to play an important role in determining the biological function of enzymes (Peters et al., 1997b; Honig and Nicholls, 1995) . The physical complexity underlying the free energy change that accompanies the binding of a substrate to an enzyme in aqueous solution makes it difficult to estimate the magnitude of the individual contributions (Ajay and Murcko, 1995) . It has been observed that different substrates can bind through either enthalpically or entropically driven processes. For instance, biotin binding to streptavidin is enthalpy driven, whereas azobenzene substrate binding to streptavidin is entropy driven (Weber et al., 1992; Ku et al., 1993) .
The prediction of binding energies is a demanding task, and a range of methodologies for this have been suggested. Several theoretical approaches assume fixed substrate and protein structures. These assumptions may be valid for relatively rigid systems, but for macromolecules undergoing conformational changes upon substrate binding and activation, substrate and enzyme flexibilities are important factors. In this category also belong protein tyrosine phosphatases. To elucidate the importance of flexibility and interactions in a complexed structure of a phosphatase, we have performed molecular dynamics simulation of PTP1B in complex with the peptide-based substrate DADEpYL. Furthermore, a molecular dynamics simulation of the free substrate has been conducted to estimate the importance of electrostatic and van der Waals energies to binding. The sequence of this synthetic phosphotyrosine-containing peptide is derived from the autophosphorylation site of the epidermal growth factor receptor (EGFR 988Ϫ998 ; DADEpYLIPQQG, where pY stands for the phosphorylated tyrosine). This peptide sequence has been widely used to probe the substrate specificity of phosphatases, including PTP1B. In these studies, the amino acids in the peptide were sequentially mutated to Ala (referred to as Ala scan in the literature), and the specific contributions to the binding and catalysis were determined by kinetic measurements (Zhang et al., 1993 (Zhang et al., , 1994a . The data indicated that substitution of acidic residues N-terminal to pY by Ala results in substantial loss in substrate specificity, while substitution of residues on the C-terminal side of pY by Ala only slightly effects the binding affinity and catalytic efficiency. In particular, the substitution Glu 3 Ala at the Ϫ1 position changes the kinetic parameters significantly (nomenclature is adapted from Zhang et al. (1993) ; pY is designated to be at the zero position in the peptide sequence, and the adjacent amino acids are numbered positively (C-terminally to pY) or negatively (N-terminally to pY). The substitution Glu 3 Ala in the peptide sequence causes a 4.7-fold increase in K M , while k cat and the ratio k cat /K M are reduced by 1.4-and 6.5-fold, respectively. These experimental studies suggest that a minimum phosphopeptide for optimal binding and catalysis is the hexapeptide DADEpYL. Amidation of the free carboxyl group of Leu increases the catalytic efficiency by 5.8-fold, whereas acetylation of the N-terminal amino group has only a slight effect and increases the k cat /K M value by 1.2-fold.
In the present study, we have investigated the dynamic and energetic properties of the PTP1B complex in detail. This paper is complementary to paper I (Peters et al., 1999) , where we have investigated and identified the concerted motions in PTP1B (open conformation) and PTP1B complexed with DADEpYL (closed conformation). Here we focus on 1) investigating the influence of substrate flexibility on the mobility of the binding pocket, 2) examining the interactions between the substrate and residues in the binding pocket, 3) determining the electrostatic properties of PTP1B, and 4) the contribution from solvation.
MATERIALS AND METHODS
The x-ray crystallographic structure of a Cys 215 (active cysteine)/serine mutant of the PTP1B structure complexed with the DADEpYL-NH 2 peptide, solved to 2.6-Å resolution (Jia et al., 1995; Barford et al., 1994) , was used as model for the closed (active) structure. The structure was obtained from the Protein Data Bank at Brookhaven (Bernstein et al., 1977) . The entry code is 1ptu. Before we performed the simulation, the serine (215) was replaced with an ionized cysteine. The rationale for modeling the cysteine side chain as a thiolate is based on the experimentally observed and theoretically found low pK a value (Zhang et al., 1993; Peters et al., 1998) . We have modified the peptide in the crystal structure from DADEpYL-NH 2 to DADEpYL by adding a negatively charged C-terminus (COO Ϫ ). Molecular dynamics simulation of the PTP1B-peptide complex with explicit SPC water (7222 molecules) was performed for 1 ns, using the charged (C) version of the GROMOS force field (Van Gunsteren and Berendsen, 1987) and applying periodic boundary conditions. The dimension of the octahedral simulation cell was 81.1 Å. Details of the setup and parameters used in the molecular dynamics simulation have been described in part I (Peters et al., 1999) . Furthermore, a 1-ns simulation of the free substrate was performed with explicit SPC water (1703 molecules) and ions (six sodium ions), using the same MD simulation protocol as applied for the complexed PTP1B structure.
Analyses of the trajectories and examinations of the molecular structures were carried out using the WHAT IF modeling program (Vriend, 1990) . Evaluation of several geometrical properties indicated that the PTP1B-DADEpYL complex is equilibrated after 150 ps. To ease the comparison of the present results to the findings in part I (Peters et al., 1999) , we have used the last 700 ps of the trajectory for an essential dynamics analysis (Amadei et al., 1993; Ichiye and Karplus, 1991) , evaluation of enzyme-substrate interaction energies, and investigation of the electrostatic properties of the enzyme. The latter refers to the calculation of pK a s of titratable amino acids in PTP1B (Antosiewicz et al. 1994; Gilson, 1993) . Similarly, the last 700 ps of the trajectory for the free substrate was analyzed to evaluate the interaction energies between substrate and solvent.
A brief description of the methodologies used to extract information about the concerted motion in the PTP1B complex and to compute the pK a s has appeared in part I (Peters et al., 1999) . The electrostatic calculations and estimations of the pK a s were performed using the UHBD program (Madura et al., 1995; Davis et al., 1991) and the "hybrid procedure" developed by Gilson (1993) . The parameters used in these calculations have been presented elsewhere (Peters et al., 1998) .
RESULTS AND DISCUSSION
One of the striking experimental observations is that the negatively charged peptide DADEpYL shows high binding affinity for PTP1B. The complex structure is displayed in Fig. 1 . The high binding affinity is particularly surprising, because the total charge of titratable residues in PTP1B is approximately Ϫ6 (Fig. 2) .
To elucidate the origin of this observation, we have applied molecular dynamics simulations and macroscopic electrostatic calculations to obtain detailed structural information about the forces involved in the binding process. The binding event can be divided into at least two processes involving diffusion and binding of the substrate. First, the substrate has to diffuse onto the protein surface and into the binding pocket, where binding and hydrolysis eventually take place. To determine the mechanism involved in the diffusion process, we have computed the protonation state of all of the titratable amino acids in the enzyme (Antosiewicz et al., 1994; Gilson, 1993) and used these charges (pH 7) to compute the electrostatic field. Fig. 2 displays contour plots of the field surrounding the active site. Clearly, only the surface above the active site is positively charged, while the remaining part of the surface is predominantly negatively charged. This positively charged patch attracts the negatively charged substrate, and the substrate diffuses toward the active site.
To obtain further details on the atomic level, we have performed molecular dynamics simulations of the complex structure ( Fig. 1 ) and the free substrate to determine the enthalpic contributions to the binding process. The free substrate simulation was included as a reference point for the energy components and to ease comparison between the free and bound states.
Simulations were carried out for 1 ns, and as indicated by several geometrical properties, the protein equilibrated within 150 ps. As mentioned above, the first 300 ps was discarded, and the remaining 700 ps was used in the analysis. Root mean square displacement (rmsd) with respect to FIGURE 1 Structure of PTP1B complexed with the peptide DADEpYL, displayed in sticks and colored green. The structural parts colored blue and yellow were included in the essential dynamics analysis. The side chains colored yellow show relatively high flexibility and correspond to the lettering in Fig. 6 . the starting structure, number of hydrogen bonds, radius of gyration, and accessible surface area (ASA) was calculated along the trajectory. Although the number of hydrogen bonds and the radius of gyration were constant (Peters et al., 1999) , relatively large fluctuations were observed in the rmsd (Fig. 3) and ASA (Peters et al., 1999) , indicating the inherent flexibility of the protein complexed with the peptide. These fluctuations have only minor influence on the overall protein charge, as shown in Fig. 3 . This is a further indication that the protein has adapted to the environment and that a stable trajectory has been obtained (Wlodek et al., 1997) .
To further study the effect of a peptide substrate on the dynamics of PTP1B, we have performed an essential dynamics analysis of the PTP1B-substrate complex trajectory. In contrast to our previous study, we have focused on fluctuations in the binding pocket and how these motions are correlated with the motions of the phosphorylated peptide. The analysis was performed by including the substrate and the amino acids of the protein within a distance of ϳ15 Å from the phosphate moiety. This is also illustrated in Fig.  1 , where the structural part of the enzyme considered in the essential dynamics analysis is colored blue. The covariance matrix was constructed from the extracted atom coordinates and subsequently diagonalized. This technique allows us to study the correlated motions within the configurational subspaces spanned by the individual eigenvectors. The eigenvectors describe the directions in the subspace, whereas the eigenvalues reflect the magnitude of these motions. In our previous investigation, we have shown that the first 50 eigenvectors describe ϳ85% of the motions in the PTP1B complexed with DADEpYL (Peters et al., 1999) . Fluctuations along higher eigenvectors are essentially Gaussian (thermal) motions. Thus the correlation coefficient between ideal Gaussian distributions and the distributions calculated from the eigenvector is larger than 0.95 after the first eight eigenvectors (Peters et al., 1999) .
Fluctuations within the subspace can be studied by projecting the trajectory onto the individual eigenvector, which provides information about the time dependence of the conformational changes. Two important quantities can be extracted from this dot product. The average value of pro- jection reflects structural changes, whereas the mean square fluctuation in the projection refers to differences in dynamics in the individual subspaces. For eigenvectors of index larger than 4, the average value of projection was less than 0.01 (Peters et al., 1999) , which indicates that no significant structural changes occurred during the simulations and that structures were sampled along an equilibrium molecular dynamics trajectory. The mean square fluctuation of these projections decreases rapidly with increasing eigenvector index and is less than 0.2 nm 2 for eigenvector indices greater than 10 (see Fig. 4 A) . Further inspection of these projections shows that for eigenvector indices geater than 2 the values fluctuate periodically around zero. Only eigenvector 1 shows a nonharmonic behavior (as shown in Fig. 4  B) , indicating that the period of these motions exceeds the simulation period. The origin of these fluctuations will be discussed below. With increasing eigenvector indices, motions along the different eigenvectors become increasingly more harmonic (Fig. 4 B) . There are two ways of illustrating the motions within the subspaces. These are 1) the superpositions of sequential projections of the atom motion onto selected eigenvectors and 2) the absolute value of the components of the eigenvectors as a function of coordinate number. For clarity, we have chosen the latter, and the absolute values of the components of the first five eigenvectors as a function of atom number are shown in Fig. 5 . The lower curve corresponds to eigenvector 1, and the subsequent curves are shifted by 0.1 in the y direction. The atom numbers 1 to 659 correspond to atoms in the PTP1B, and 660 to 714 refer to atoms in the substrate. As shown in Fig. 5 Note that the results of the essential dynamics analysis are correlated motions (Amadei et al., 1993) . As schematically shown in Fig. 1 , the distances between some of the residues are relatively large, and these residues are still influenced by the substrate motion. This may suggest that a tight water network is formed around the active site. To estimate the effect of the solvent, we have calculated the individual energy contributions, which are summarized in Table 1 . The relatively large standard deviations found for the different energy distributions are caused by structural fluctuations and the competition between substrate-solvent and substrate-protein interactions. This competitive feature is also observed in Fig. 6 , where interaction energies of the complexed structure and the free substrate are compared along the trajectories. The van der Waals interaction energies between the substrate and its surroundings (Fig. 6 A) for the substrate-enzyme complex are consistently lower than for the free substrate. The same tendency is observed for the electrostatic interactions (Fig. 6 B) . Substrate-protein electrostatic interactions are generally stronger. This large gain in enthalpy will be counteracted by the entropic penalty involved in binding of the substrate, which, of course, also involves contributions from water molecules. However, to evaluate these contributions a detailed calculation of the free energy change during binding has to be performed, which is beyond the scope of the present investigation. In Fig. 7 , van der Waals (Fig. 7 A) and electrostatic (Fig. 7 B) interaction energies are further differentiated for the individual substrate residues (i.e., interaction energy between atoms belonging to one specific substrate residue and pro- Errors are standard deviations calculated from the trajectory between 300 and 1000 ps. The numbering of the residues in the ligand is adopted from Zhang et al. (1993) (see text for details). tein/solvent), where the solid and dotted lines refer to the substrate-protein simulation and free substrate simulation, respectively. Significant differences are seen for the different residues in the substrate. Generally, charged residues make a noticeable contribution to the electrostatic enthalpic binding energies. Surprisingly, besides the phosphorylated tyrosine, the van der Waals energies are similar for the substrate residues in the bound or free state. Presumably, the phosphorylated tyrosine (Pty0) is outstanding because it is deeply buried in the enzyme (see Fig. 7 A) . For the substrate residues Asp Ϫ2 , Glu Ϫ1 , and Leu 1 , i.e., the substrate positions flanking the phosphor-tyrosine, electrostatic interaction energies for the substrate-protein simulation are (on average) stronger than for the free substrate. The net electrostatic energies (substrate-protein minus substrate-water) for Leu 1 and Asp Ϫ2 are Ϫ352 and Ϫ186 kJ/mol, respectively (see Table 1 ). This suggests that Leu 1 is more tightly bound to PTP1B than is Asp Ϫ2 . Surprisingly, the essential dynamics analysis (Table 2 and Fig. 5 ) indicates that motions involving Asp
Ϫ2
, Glu Ϫ1 , and Leu 1 are pronounced and are observed along several eigenvectors. This is clearly an indication that enthalpic and entropic contributions are important for binding. Recent experimental data (Zhang et al., 1993) have shown that for DADEpY(L3 A)IPQQG and DA(D3 A)EpYLIPQQG peptides, the K M values were increased by 1.5-fold and 2.1-fold, respectively. The substitution Asp
3 Ala results in a lower binding affinity (higher K M value), which can be explained in terms of changes in interaction energies. The removal of a charge (Asp Ϫ2 3 Ala) decreases the interaction energy between the side chain and protein backbone. However, an explanation of the result for the peptide DADEpY(L3 A)IPQQG may involve either entropic or enthalpic contributions. Again, a detailed computation of FIGURE 7 (A) Van der Waals and (B) electrostatic interaction energies are further discriminated for the individual substrate residues. The solid lines present data for substrate residue-protein/solvent interaction energies in the complexed structure. The dashed lines correspond to interaction energies between substrate residues and solvent molecules in the free substrate simulation.
the change in free energy has to be performed to clarify this. Asp Ϫ4 and Glu Ϫ1 show different behavior. The electrostatic interactions of Glu Ϫ1 with solvent molecules are stronger than those with the protein (see Table 1 ). For Asp
Ϫ4
, interaction energies with the protein and solvent are the same on average (see Table 1 ), which explains the high mobility of Asp
, which was observed along several eigenvectors (Table 2 and Fig. 5 ). These results suggest that the binding affinity of the peptide could be increased by suitable substitution of Glu Ϫ1 and Asp Ϫ4 to increase the interaction energies with the protein. It has been observed experimentally that the substitutions Glu Ϫ1 3 Ala and Asp
3 Ala in DADEpYLIPQQG decrease the catalytic efficacy by 6.5-and 1.9-fold, respectively (Zhang et al., 1993) . The K M values are increased 4.7-fold for DAD(E3 A)pYLIPQQG and 1.9-fold for (D3 A)ADEpYLIPQQG, when compared to the parent peptide DADEpYLIPQQG. Smaller differences are found for the turnover number k cat . k cat is decreased 1.4-fold for DAD(E3 A)pYLIPQQG, whereas similar rate constants were determined for (D3 A)ADEpYLIPQQG and the parent peptide. These experimental results indicate that Glu
Ϫ1
and Asp Ϫ4 are important for high catalytic efficiency. From the crystal structure it is evident that Arg 47 located close to the substrate residues Asp Ϫ4 and Glu Ϫ1 could form favorable interactions with these residues and hence increase the binding affinity of the substrate. To further analyze the structural environment surrounding these residues, we have calculated distances between atoms in the protein and the substrate. As shown in Fig. 8 , substrate residues Ala Ϫ3 (Fig. 8 a) , Asp
Ϫ4
( Fig. 8 b) , and Leu 1 (Fig. 8 c) Data are extracted from Fig. 6 . The listed atoms correspond to an absolute value of the eigenvector (ev) greater than 0.085. The last three entries in the table correspond to residues in the ligand (numbering adopted from Zhang et al. (1993) ; see text for details).
(Leu 1 ) throughout the simulation (Fig. 8, c and d) . In particular, the distance between Gln 262 and (Leu 1 ) is relatively constant, reflecting that Leu accommodates well into the binding pocket. In the course of the simulations Asp 4 approaches Arg 45 within ϳ5 Å (Fig. 8 c) . These findings are in excellent agreement with the experimentally measured K M value. K M is increased 4.7-fold for the DAD(E3 A)pYLIPQQG peptide. The mutation from a negatively charged residue (Glu) to an aliphatic amino acid (Ala) results in the elimination of important electrostatic interactions with Arg
47
. Consequently, the binding affinity of DADApYLIPQQG is reduced.
CONCLUSION
Substrate binding involves a multiplicity of factors, including changes in intermolecular interactions between the substrate, the solvent molecules, and the target protein, as well as changes in polarization, conformation, or flexibility. The analysis of the forces and motions involved in the formation of the enzyme-substrate complex is important for a detailed understanding of the residues/motif imparting substrate affinity and for revealing the structure-function relationship of phosphatases. We have therefore performed molecular dynamics simulations of PTP1B complexed with the highaffinity substrate peptide, DADEpYL, and of the free substrate. Simulations were carried out in periodic boundary conditions, using explicit SPC water, and 700-ps trajectories were used in the analysis.
Several geometrical properties, such as root mean square fluctuations, radius of gyration, and surface accessibility, show relatively large fluctuations, reflecting the inherent flexibility of the protein. These fluctuations are more pronounced than observed for other enzymes; e.g., lipases (Peters et al., 1997b) . Both groups of enzymes undergo conformational changes during the enzymatic reaction. However, activation of lipases and the subsequent catalytic reaction occur at the interfacial plane of a lipid surface. PTP1B, on the other hand, belongs to the class of cytosolic enzymes acting in solution. Upon binding of the substrate, a flexible loop closes, bringing an acidic residue into place for the catalytic reaction. It has recently been determined experimentally that an equilibrium exists between the closed and open conformations. Both these experimental observations and the determined geometrical properties may suggest that PTP1B has a relatively high flexibility.
Further analysis of the concerted motions in the protein, including only the substrate and amino acids of the protein within a distance of ϳ15 Å from the phosphate moiety, indicates that the terminals of the substrate are rather mobile and that the N-terminal is more flexible than the C-terminal. Most fluctuations are observed in the binding pocket, where the N-terminal of the substrate is located and involves polar/charged residues. This observation can be explained in terms of the energy contributions. Binding is predominantly determined by electrostatic interactions and is enhanced by a positively charged patch surrounding the binding pocket, which guides the substrate toward the active site. The contribution of the peptide residues to the binding affinity is significantly different. For Asp Ϫ4 the electrostatic substrate-protein and substrate-solvent interactions are of approximately the same magnitude, suggesting that the mobility of the substrate is driven by a balance of these two contributions. Another example is Asp Ϫ2 , whose electrostatic interactions with the protein (on average) are stronger than those with the solvent (Table 2 and Fig. 8 b) , suggesting that this residue is tightly bound to the protein. This is also supported by the essential dynamics analysis results, where no significant fluctuations were observed in the first 10 eigenvectors. Experimentally determined kinetic data show that the substitution of Glu Ϫ1 with Ala reduces the K m value manifold, which is well explained by the interactions between Arg 47 and Glu GHP was supported by a grant from Novo Nordisk A/S and under grant 97 100 05 from the Danish Cancer Research Foundation.
